The reversíbilíty of the adsorption of phosphate on goethite was measured by dlluting suspensions of goethite on which phosphate was adsorbed with large volumes oí phosphate-frce solution at the same ioníe strength. The effect on the reversibility of various adsorptíon and desorption conditions was studied, particularly pH, temperature, ionic strength and time of reaction.
Summary
The reversíbilíty of the adsorption of phosphate on goethite was measured by dlluting suspensions of goethite on which phosphate was adsorbed with large volumes oí phosphate-frce solution at the same ioníe strength. The effect on the reversibility of various adsorptíon and desorption conditions was studied, particularly pH, temperature, ionic strength and time of reaction.
The apparent irreversibílity of the adsorption reaction seems to be due to a slow adsorption reaction of part oí the phosphate after a very rapid initiai adsorption. with a similar behaviour when the phosphate is desorbed. When the total adsorption plus desorption time is long enough. both adsorption and desorption poínts tend to He on a single curve which corresponds to the isotherm calculated according to the Stern doublelayer theory.
In troda e tion DESPITE the considerable volume ofwork done by many authors on adsorption of phosphate by mineral surfaces, comparatively Httle progress has been made in studies of desorption. There is evidence that when solids on which phosphate is adsorbed are washed at a constant electrolyte concentration and pH, the desorption points are located aboye the adsorption isotherms (Muljadi el al., 1966; Kafkafi et al., 1967; Hingston et al., 1974) demonstrating the presence of hysteresis, the origins of which are not clear. Atkinson et al. (1972) found that most of the phosphate adsorbed on goethite was ísotopically exchangeable, which means that it should be in equilibrium with the solution, and Neoh (1975) found a high pro· portion of the phosphate remaining on goethite after desorption to be isotopically exchangeable. These facts suggest that the hysteresis is due to the very slow desorp. tion of fue so-called 'non-desorbable' phosphate.
Hingston et al. (1974) believed that the lack of reversibility of the isotherms could be related to the kinetics of adsorption and desorption. Later, other authors, e.g. Barrow and Shaw (1975) , Munns and Fox (1976) , Ryden and Syers (1977) and White and Taylor (1977) , have also suggested that the apparent irreversibility of adsorption ísotherms can be due to slow equilíbration during adsorption. They found that there is even an apparent re·adsorption during the desorption step, attributed to a very slow adsorption reaction for part ofthe phosphate. Ryden and Syers (1977) belíeve that the initially desorbable phosphate (which they can 'regíon III' or 'more-physically sorbed') undergoes a shift to 'chemisorbed' forms ('regions 1 and II' of their isothenns), which can only be desorbed with an increase in the pH of the desorbing solution. A similar idea had been previously suggested by Muljadi etal. (1966) .
In the experiments described here, the aim was to investigate the reversibility of the adsorption of phosphate on goethite as influenced by the eonditions of adsorption and desorption.
Experim en tal
The preparation of the goethite has been deseribed elsewhere (Hingston et al., 1972) . Its specifie surface area was 84 m 2 g-1 and its pze was at pH 8.
Adsorption experiments
Six mI of a well~stirred suspension of goethite in water (19.5 mg mI-1 ) was added to polythene bottles containing 50 mI of NaCl solutions of varying ionie strengths, pH and temperatures, with known concentmtions of 31 P + 3:2 P. After allowing a given time of adsorption, samples of these suspensions were ftltered through 0.2 pm Millipore filters, and 32p was deterrnined by Cherenkov counting. Sufficient solution was passed through the ftlter before eOllecting the filtrate for counting to avoid losses due to adsorption. The final phosphate concentration and amount adsorbed were calculated by means of the 31 P : 32p ratio of fue original solution used. The solid : solution ratio was 0.0021 g goethite mi-l.
Desorption experiments
After each adsorption period, samples of the adsorption suspensions were pip~ etted into polythene bottles containing large known volumes of solutions, at various eonditions of pH and temperature, but always at the same ionic strength as in the adsorption experimento The resulting 'desorption suspensions' had a solid : solution ratio from 17 to 3000 times less than in the adsorption experiments.
From these 'desorption suspensions' samples were taken at various times and mtered through Millipore filters. The phosphate coneentration and the amount remaining on the oxide were deterrnined as described for the adsorption experiments.
AH suspensions were shaken in an orbital shaker at 180 r.pm.) exeept those in which the reaetion time was less than 5 min, which were shaken by hand.
In sorne experiments, LíCl was used instead of NaCl as indifferent eleetrolyte. The experiments at very high pH were made in polythene bottles wrapped with aluminium foil to reduce contamination with CO 2 • For reasons that will be ex· plained later, polyearbonate bottles were sometimes used instead of polythene. To find out whether the technique had an influenee upon the amount adsorbed or desorbed, sorne experiments were made by the adsorption-desorption technique used by Hingston et al. (1974) .
Results

Effect ollhe di/ution 012 the amounl remaíning adsorbed
In these series of experiments two initial phosphate eoncentrations were used, 3.45 x 10-4 and 5.76 x 10-4 M, and the eonditions were pH 5.6, ionie strength 0.1 M NaCl, and temperature 2S Oc throughout. After three difIerent times of adsorption (0.25, 1 and 23 h) the 'adsorption suspensions' were diluted from 17 to 3000 times, and samples of the resulting 'desorption suspensions' measured after 0.5 h to 6 days. The plots of coneentration against time for the 'desorption suspensions' usually showed no significant variation of the eoncentration after 1-2 days. For example, In the first 24 h the behaviour differed according to which time had been allowed for adsorption. There is a rapid increase in the solutíon concentration, which seems to pass through a maximum at small adsorption times and dílutions. After 24 h there is Httle or no significan t difference for the various adsorption times especially when compared with the concentrations at zero desorption time. These results, comparable with those from other authors (e.g. Munns and Fox, 1'976) , suggest that such 'readsorption' ís the effect of a slow component of the adsorption reactíon. For desorption times long compared with the adsorption time there is no effect of the latter on the adsorbed amount. When the amount remaining adsorbed after 5-6 days of desorption for the various dilutions is 'plotted against the corresponding solution eoneentration, a 'desorption isothenn' is obtained. As ean be seen in Fig. 2 , the results He within a region narrow enough to be eonsidered a single eurve, regardless of the adsorptíon conditions (initial phosphate concentration and time), although the points are seattered at low coneentrations. In this regíon sampling errors, eontamination with micro·organisms etc. are likely to have a large effeet on the phosphate concen· tration, and this, combined with the magnifying effect of the large dilution on the experimental errors of the eoneentrations when calculating the adsorbed phosphate, could be the reason for the seatter of the points for eoncentrations below 5 x 10-
Effect of adsorption and desorption conditions
Since the error in the determination of the amount adsorbed seems to inerease markedly for dilutions of 800 times or greater) a standard dilution of 700 times, just below thís limit, was chosen in order to investigate the influence of various conditions of adsorption and desorption on the amount desorbed.
Adsorption suspensions were made up at 3 different pH values (4, 7, 10) and 3 different initial phosphate coneentrations (4.61 x 10-4 ) 6.91 X 10-4 and 9.22 x 10-4 M). (1973, 1974, 1977) and the following parameters of the model (Bowden et at, 1977) , pzc 8.0; maximwn number of adsorption sites (NT) = 3 x 10 -10 moles/cm'. Electrical capacitance
lmole -1, Kpo3-= 10 4 Imole -1, These parameters were obtaineB at 4 high phosphat~ concentrations where 4 time effects would be small. The Nernst equation was used to calcu1a.te the surface potential (1J;s) sinee it has been shown to be a good approximation when the suñare coverage is not too large (Bowden et al., 1977) .
under various desorption conditions of pH, ternperature and ¡onic strength. In sorne of these experirnents LiCl was used instead ofNaCl as electrolyte. For a given set of desorption conditions and fOI a given initial phosphate concentration, a group of graphs was obtained as in Fig. 3 . After 1-2 days of desorption, the adsorbed phosphate seerns to reach an 'equilibrium' value, unique for each of these groups, which does not depend upon the time or the pH of adsorption. Those suspensions with less adsorbed phosphate (at desorption tUne = O) than this unique value adsorb phosphate duríng the first day after dilution, and those with more phosphate adsorbed than the 'equilibrium' value desorb part oHt. The average 'equilibriurn' values after 5-6 days of the amount of phosphate remaining on the oxide are plotted in Fig. 4 against the corresponding average solution concentrations for various desorption conditions.
Adsorption and desorption at very short reaction times
Some adsorption suspensions were diluted afte r short adsorption times (1-5 min), and samples of the corresponding desorption suspensions were also taken at short times, from 1 min up to 1 h with a final sample after 1 day. Fig. 5 shows the results for experiments at 68 oC. The experiments at 25 Oc gave a similar pattern and are not shown here.
The behaviour was similar to the one described in the preceding section: the samples either desorbed phosphate or adsorbed more, depending upon whether they had more or less phosphate adsorbed at desorption time = O than the 'equí-librium' adsorption. The approach to this 'equilibrium' adsorption seemed to be similar to the experiment in Fig. 1 for 15 min of adsorption and large dilution: there was a very rapid desorption within the first few minutes, slowing down later, so that the variation between 1 and 24 h was small in most cases. The maximum in the desorption reported for sorne results in Fig. 1 was not found here, probably because the slow readsorption was reduced by the 700 foId dilution used.
Desorptíon by 'steps'
The purpose of thís experiment was to establish whether the desorption resuIting from an increase in pH was comparable in speed to that resulting from dilution at constant pH. In these experiments, the pH of the desorption suspension was not constant throughout the whole desorption time, but was increased every few days, and samples were taken 1 h, 6 h, 1 day and 2-3 days after each change in pH (Fig. 6 , means of eight expe riments). The initial phosphate concentration was 4.61 x 10 -4 M the adsorption pH and the initial desorption pH were 4.0, and the electrolyte was 0.1 M NaCl. 1 t can be seen tha t after each pH change the amount adsorbed decreased sharply within the first hour, and later, as happened in the experiments described in previous sections, the rate of desorption decreased markedly. Th.e sharp decrease in the amount adsorbed after each pH change is particularIy noticeable for the experiments at 68 oC.
In sorne cases, probably due to contamination with CO 2 , the pH decreased again after sorne time, and in such cases the amount of phosphate adsorbed increased accordingly.
Experiments at very low eoncentrations
If a slow component of the adsorption process ís responsible for the difference between adsorption and desorption isotherms, it would be likely to produce small variations in the 'equilibrium' concentrations which would be more noticeable at very low concentrations. For that reason and to minimise experimental errors due to dilution noted for the results reported in Fig. 1 , sorne experiments were made with low ínitial solution concentrations (1.84 x 10-4 and 2.30 x 10-4 M) to give equilibrium concentrations equal to or less than 10-7 M. Desorption suspensions were prepared from suspensions by diluting 100 and 200 times after 3 days of adsorption. Samples were taken from both adsorption and desorption suspensions at various times up to 20 days.
Preliminary experiments in this series showed that the polythene bottles themselves produced a small decrease in solution concentration of phosphate. The decrease was not detectable for higher concentrations. With polycarbonate containers Httle change in the concentration of phosphate was observed over 3 days and they were used in this series of experiments instead of polythene bottIes. Fig. 7 shows that the solu tion concentrations for both adsorption and desorption slowly decrease, so that all points tend to approach the 'theoretical' isothenn. For this reason, comparison of desorption and adsorption points corresponding to similar total periods of reaction, i.e. desorption points for 3 days and adsorption points for 6 days (since the desorptíon experiments were prepared after 3 days of adsorption) show that the apparent discrepancy between both adsorption and desorption points ís much less marked. Fig. 8 summarizes adsorption and desorption results at pH 4 from the various series described above. The desorption points have been chosen so that the total time of reaction (adsorption plus desorption) is the same as for the adsorption points, 24 h, except the desorption point A, which corresponds to 24 h of desorption alter 24 h of adsorption. The results can again be fitted into a single line if the total reaction time is the same. Thís conclusion was already reached from Fig. 7 for 10nger reaction times and very low concentrations, and is consistent with results from other authors (e.g. White and Taylor, 1977) .
Effeet 01 the adsorption-desorption technique
Centrifugation has been widely used for separating solid from solutíon in the adsorption suspensions before adding the desorbing solution. Since this technique may cause the formation of aggregates which could make the so lid surface partly inaccessible and decrease or slow down the subsequent desorptíon, a series of experiments was carried out to test such hypothesis. The same procedure described by Hingston et al. (1974) was used, and after adding the desorbing solution the oxide was redispersed by different means inc1uding ultra-sonic dispersion. If the hypothesis was correet, the more energetic the redispersion the more phosphate would be desorbed. tittle or no difference was observed. 
Discussion
Even though the results obtained he re suggest that, given enough time, adsorption is both rever,Sible (Figs. 2, 7, 8) and in accord with the Stern model (Bowden, 1973) , extremely high dilutions f!lay be required to desorb completely the phosphate. For example) given a point on the theoretical ísotherm of solution concentration el innol.mlt and adsorbed phosphate Xl j.m1ol.g -1 for a solid : solution ratio ¿4 g.ml-1 • the volume of phosphate-free solution that has to be added to 1 mI of the" system in order to reach a second point of composition e 2 and X 2 is, in mI,
For the system used here el = 3.45 x 10-5 M, Xl = 194.9 j.m1oLg-1 , and A = 0.0021 g goethite mI-l. Thus, after a dilution of 100 000 times (much higher than the maXimum dilution of 3000 used here) the solid still retains 50 per cent of the amount adsorbed at the starting point.
The aboye fmdings do not exc1ude the possibility of adsorbing sites being heterogeneous, as results of isotopic exchange have suggested (Atkinson el al., 1972) . In faet, the rnaximum observed in SQrne plots of the solution concentration against desorption time after times of adsorption shorter than 1 day (Fig. 1) suggests the occurrenee oí more than one proeess during both the adsorption and desorption reactions, ranging from the very íast to the very slow. The results in Figs. 5 and 6 also demonstrate the existence of a range of desorption rates, while Fig. 9 shows that a range exists for adsorption. These figures show that a large proportion oí the reaetions are fasto Adsorption is extremely fast and is faster the lower the pH. At pH 4.0 at least 90 per cent of the adsorption at 24 h is complete after one min and henee is too fast to measure.
Sorne authors have suggested tha t the slow process could be related to diffusion of phospha te into the solid (Ryden e tal., 1977) , or, in the case of soils, into the soil aggregates. This last hypothesis may well be true for experiments with un- shaken soils, but it is very unlikely in the present experiments, where the goethite is strongly dispersed and is not allowed to settle at any time during the experiments. Fig. 6 shows that there is a very rapid approach to a new equílibrium each time the pH is raised, the speed of whieh 18 comparable to the adsorption process (Fig. 9) . If the desorption in each step was related to sorne kind of diffusion process out of the lattice, the change in pH should not ¡nerease the rate so sharply. Thus, if there i8 a diffusion component in die process, its contribution is negligible for times shorter than a few days.
The faet that there 1s no marked difference between desorption experiments after 1 min or 15 min of adsorption (cf. Figs. 1 and 5) suggests that any slow proeess has Httle effeet for times shorter than 15 mino Results in Fig. 4 have sorne features which are worth noting. 1) For a given ioníe strength, the amount of phosphate remaining on the oxide decreases as the pH increases. The exceptíons are the curves for pH 4 and 5.6. which cross each other for ionk strength 0.01 M.
I1) At pH values below the pzc e.g. pH 4.0 and 5.6, 0.01 M NaClleaves more phosphate on the oxide than 0.1 M NaCI, and the opposite is true for pH values aboye the pze; e.g. compare pH 10.1 and 10.3 (Pig. 4a) and also pH 9.2 and 9.6 (Fig.4b) .
III) The amount ofphosphate remaining on the oxide i8 greater at 25 Oc than at at 68 oC, with the exception of LíCI at pH 10, which does not show a signifieant difference between the two temperatures (compare Figs. 4a and b) . Nevertheless, this exception can be due to the small difference in pH between both series of experim ents. IV) AH other eonditions being equal, LiCl leaves less phosphate adsorbed than NaCI (see Fig. 4a and b) .
The features 1) and 1I) are fully compatible with the effect of pH and íonk strength on the adsorption isotherms ealculated by the Stern model. The greater desorption with increasing pH results from an in ere ase in eompetítion from hydroxyl ions, and the deerease in positive charge or inerease in negative eharge on the surface resulting in a lessening ofthe attraetion or a repulsíon, respeetively, between the surfaee and the anion. This effect is further amplified if the anion inereases its negative charge as the pH is increased.
At pH values below the pze, inereasing the ionie strength depresses the positive diffuse double layer potential and hence reduces the attraetion between the aníon and the surface, hence adsorption is decreased. Above the pzc raísing the íonic strength deereases the negative diffuse double layer potential which reduces the repulsion between the negative surface and the anion, henee adsorption is increased.
